Abstract

24
This study will focus on cloud microphysical and optical characterization of three different 25 types of episodes encountered during the ground based CLIMSLIP-NyA campaign performed 26 in Ny-Alesund, Svalbard: the Mixed Phase Cloud (MPC), snow precipitation and Blowing 27 Snow (BS) events. These in situ cloud measurements will be combined with aerosol 28 measurements and air mass backtrajectory simulations to qualify and parameterize the arctic 29 aerosol cloud interaction and to assess the influence of anthropogenic pollution transported into 30 the Arctic. 31 The results show a cloud bimodal distribution with the droplet mode at 10 µm and the crystal 32 mode centered at 250 µm, for the MPC cases. The precipitation cases presents a crystal 33 distribution centered around 350 µm with mostly of dendritic shape. The BS cases show a 34 higher concentration but smaller crystals, centered between 150 and 200 µm, with mainly 35 irregular crystals. 36
A "polluted" case, where aerosol properties are influenced by anthropogenic emission from 37
Europe and East Asia, was compared to a "clean" case with local aerosol sources. These 38 anthropogenic emissions seem to cause higher Black Carbon, aerosol and droplet 39 concentrations, a more pronounced accumulation mode, smaller droplet sizes and a higher 40 activation fraction Fa. Moreover, the activation diameter decreases as the droplet diameter 41 increases and Fa increases showing that smaller particles are activated and droplets grow when 42 the aerosol number decreases. This is in agreement with the first (Twomey) The rapid change in aerosol properties occurring in spring is known to cause changes in arctic 95 cloud properties, the so-called aerosol indirect effect. Increase in aerosol concentration with 96 constant Liquid Water Path (LWP) is known to increase cloud droplet concentration and cloud 97 optical thickness but decrease droplet size (Twomey, 1974 (Twomey, , 1977 , decrease the precipitation 98 efficiency and increase the cloud lifetime (Albrecht, 1989) . Also, in a temperature rise scenario, 99 the cloud height is expected to increase (Pincus and Baker, 1994 ). The impacts of anthropogenic 100 aerosol transported to the Arctic on clouds are not fully understood, but Garrett and Zhao (2006) 101 showed that the cloud emissivity is higher for polluted case, contributing to the arctic warming. 102 103
In the case of artic MPC where liquid and ice phases coexist, the aerosol-cloud interaction is 104
complexified by the addition of the ice phase and several interaction mechanisms have been 105 assumed. Lohmann (2002a Lohmann ( , 2002b proposed that an increase in ice nuclei could increase the 106 cloud ice content at the expense of the liquid content. This so-called glaciation indirect effect 107 would mean, as the precipitation is more efficient for the ice phase, a decrease in cloud cover 108 in lifetime. The riming indirect effect predicts a riming efficiency decrease due to the 109 supercooled droplet size decrease. Thus, an increase in Cloud Condensation Nuclei (CCN) 110 could lead to a decrease in Ice Water Content (IWC) and ice particles concentration (Borys et 111 al., 2003) . According to the data of the two measurement campaigns ISDAC (Indirect and Semi-112 Direct Aerosol Campaign) and MPACE (Mixed-Phase Arctic Cloud Experiments), Jackson et al. 113 (2012) found a correlation corresponding to the glaciation effect above the cloud liquid phase 114 but no evidence of the riming effect. Mc Farquhar et al. (2011) showed that the aerosol size is 115 the main parameter to explain the particles activation and that the chemical properties don't 116 determine the ability of an aerosol to act as a CCN, i.e. the Kelvin effect is dominant compared 117 to the Raoult effect in the Arctic. 118 119
The work presented here is included in the frame of the project CLIMSLIP (CLimate IMpacts  120 of Short-LIved Pollutants in the polar region The cloud ground based instrumentation used during CLIMSLIP-NyA was installed on a 161 measurement pole and is presented in Figure 2 . The cloud optical and microphysical properties 162 were thus assessed by three independent instruments: a PMS Forward Scattering Spectrometer 163
Probe (FSSP-100), a Cloud Particle Imager (CPI) and a Polar Nephelometer (PN). They were 164 all connected to the same pump by plastic tubes, leading to the sampling volume indicated on 165
Figure 2. They were operated approximately 2 m above the platform level and mounted on a 166 tilting and rotating mast, allowing them to be moved manually in the prevailing wind direction. 167
The proper alignment of their inlet with the flow was based on the wind direction measurements 168 performed by a mechanical and ultrasonic anemometer. 169 170
The FSSP-100 measures the number and the size of particles going through the sampling 171 volume, from the forward scattering of a 632.8 nm wavelength laser beam (Knollenberg, 1981, 172 Dye and Baumgardner, 1984 In the second case, the ceilometer locates the liquid layer around 1 km altitude or more ( Figure  281 3.c). No droplets are sampled. The station is so below the mixed layer, within the ice 282 precipitation. This layer has a variable extinction coefficient depending on the crystal density 283 but the laser beam is not completely attenuated. The relative humidity shows high values around 284 90 % but remains lower than the MPC cases. 285
Moreover, the temperature varied between -20 to -1 °C, so it remains always below the 286 solidification point, liquid particles were always supercooled droplets. The Blowing Snow 287 episodes will be discussed in annex. 288 289
In the following, the LMPL and precipitation layer cases will be microphysically and optically 290 characterized. These characterizations will be useful to determine futures measurements that 291
are not completed with visual observations (e.g., remote sensing measurements). Moreover, 292 combined with other measurement campaign in the Arctic, we hope to increase knowledge 293 about growth processes in low level mixed phase arctic clouds. 294 295 296
Characterization of the LMPL cases
Arctic MPC can be characterized by a succession of layers with liquid or ice dominance. The 299 phase heterogeneity is both horizontal and vertical. Because of the fixed position of the 300 measuring station, we could not control the location of the measurements within the cloud 301 system. However, a characterization of the mean parameters is possible. 302 303
The determination of the thermodynamic phase of a cloud can be based on microphysical and 304 optical criteria. (1) 308
309
The results show a higher observation frequency for extreme Fliq values (close to 0 or 100 %). 310
The minimum frequency is between 20 and 70 %. This means that the low level mixed phase 311 cloud layers are preferentially with liquid or ice dominance for the spatial resolution of our 312 measurements. This confirms the conclusions from the scientific literature (e.g., Gayet and al., 313 2009; Korolev and Isaac, 2006) . 314
Moreover, g shows a more or less linear relation with Fliq. This highlights the relation between 315 the optical properties and the microphysical properties. Therefore, the knowledge of the MPC 316 microphysical properties is a key parameter to reliably assess the radiative transfer in the Arctic. 317
The g variability is significantly larger for Fliq below 50 %. This tends to show a more complex 318 optical behavior for ice dominating layers. 319 320
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According to Costa et al. (2014) , these PSD correspond to the coexistence regime characterized 330 by RHw (relative humidity according to liquid water) and RHi (relative humidity according to 331 ice) > 100 % and stable coexistence of crystals and supercooled liquid droplets with the droplet 332 PSD 10 6 higher than the crystal PSD. This is opposite to the Bergeron regime where RHw < 100 333 % and RHi > 100 %, so the crystals grow in expense of the droplets (Costa et al., 2014 is more important than for the measurements of the mixed and liquid layers. The asymmetry 428 parameter is lower around 0.79 which is typical for ice particles. Notable differences are 429 observed for scattering angles as low as 40°. These differences are probably due to the crystal 430 morphology variability. Unfortunately, such relationships were not observed with the 431 CLIMSLIP data. Indeed, a principal component analysis didn't allow discriminating the phase 432 function according to the crystal shape. This can be explained by the low sampling rate during 433 the precipitation events involving a very low crystal statistics. 434 435 436
To conclude, the results were limited by the low particle sampling rate and the uncontrolled 437 position of the station inside the cloud system. However, differences between LMPL and 438 precipitation layer have been explicated and allow a quick recognition without visual 439 observations in future studies. These results will be compared to other measurement campaign 440 for a better understanding of the microphysical processes and feedbacks that take place in low 441 level mixed phase arctic clouds. The objective of this part is to quantify the effects of the aerosol properties on the cloud 447 properties observed during the CLIMSLIP campaign. To do this, we will in a first step compare 448 the two experiments of March 11 th and 29 th that will be the "clean" and "polluted" cases, 449
respectively. In a second step, several aerosol cloud-interaction processes will be evaluated and 450 in situ measurements will be used to assess quantities that are required in parametrization of the 451 arctic aerosol-cloud interaction. 452 453 The sounding balloon show the inversion layer around 925 mb (700 m) for both days. 500 Figure 9 shows the time evolution of the DMPS, CPC and FSSP concentration, the activation 501 fraction and the average BC concentration. The DMPS ceased to work from 7:30 until the 502 following day, but, as the CPC and aethalometer parameters show almost constant values until 503 12:00, the DMPS concentration is assumed to do the same. The DMPS concentration is plotted 504 for different particles sizes (total, > 50 nm and > 100 nm). The DMPS PSD shows a bimodal 505 distribution with a pronounced Aitken mode which is as important as the accumulation mode 506
Section on tools: the FLEXPART-WRF model and definitions
(not shown). This is obvious in Figure 9 where the accumulation mode concentration, i.e. 507 particles sizes larger than 100 nm, equals half the total concentration. 508
The CPC displays an aerosol concentration (> 3 nm) relatively stable and weak between 100 509 and 130 cm Moreover, the DMPS PSD shows that 90 % of the aerosol concentration is included in the 557 accumulation mode, with an effective diameter almost constant at 300 nm. Therefore, the 558 aerosol diameter is larger and the droplet diameter is smaller for the March 29 th case compared 559 to the March 11 th case. 560 561
562
Figure 11: Same as Figure 9 for the March 29 th case 563 564
The differences observed between the two days can be explained by the air masses origin. 565 Figure 12 shows the same FLEXPART-WRF FPES and CO PSC for the air mass arriving at 566 the station during the liquid episode of the March 29 th . Backtrajectories distinguish clearly two 567 origin regions. The first one is Western Europa. The second air mass shows higher values of 568 time residence and comes from northeast Asia: northeast China and extreme east Russia. The 569 particularity of March 29 th consists thus in this air mass coming from Asia which is the region 570 generally accepted to emit the highest aerosol concentration compared to the others regions of 571 the world (Boucher et al., 2013) . 572
Therefore, compared to the "clean" case of March 11 th , March 29 th shows long range transport 573 of anthropogenically influenced air masses, leading to higher aerosol concentration in the Arctic 574 with especially a BC mass concentration 3 times higher. Thus, March 29 th constitute the 575 "polluted" case. According to Quennehen et al. (2012) , during the route, the Aitken mode 576 concentration quickly decreases by coagulation, for the benefit of the accumulation mode, 577 increasing the average effective diameter. This explains the accumulation mode dominance 578 observed in Figure 11 and the increase of the average DMPS effective diameter, and confirms 579 the strong influence of the lower latitudes emissions during the "polluted" case. On the contrary, 580
the "clean" case shows local sources composed of fresh particles, for at least half the 581 concentration. 582
This long range anthropogenic pollution has also strong influence on cloud properties. Indeed, 583
CCN abilities being mainly due to the aerosol size in the Arctic (Mc Farquhar et This qualitative study has to be completed with quantitative parameters that can be found in the 594 scientific literature. Therefore, the next section will focus on the quantitative variations of 595 droplet concentration and size according to aerosol properties. Moreover, glaciation and riming 596 indirect effect will be assessed. where re is the droplet effective radius, N the droplet concentration and σ the aerosol scattering 610 coefficient. 611
We made two assumptions to use these parameters. First, IE and NE are assumed to evaluate 612 the variations of the droplet concentration and size according to the CCN concentration. To 613 measure this one, we use the scattering coefficient which is assumed to be proportional to the 614 CCN concentration. The accumulation mode particles are the most inclined to serve as CCN 615 because of their size and possess the highest scattering cross section compared to the other 616 modes (Garrett et al., 2004) . Second, re and N are also dependent on the LWP, so IE and NE 617 have to be computed for similar LWP clouds (Feingold et al., 2001) . During CLIMSLIP, the 618 LWP was not measured and we assumed that the LWP is effectively constant. This is reasonable 619 since the sampled clouds were all low level mixed phase arctic clouds and from the same season. 620 621
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The glaciation (Lohmann, 2002a (Lohmann, , 2002b During ground based measurements, some snow was collected that was suspended in the 748 atmosphere due to wind. This is the so-called Blowing Snow ( Even if the resuspension of crystals in the air can modify the shape by impacts, we consider 773 that the sampled crystals are similar to the deposited precipitations and aged for several days. 774
Thus, the BS events during CLIMSLIP were excellent occasions to measure the arctic snow 775
properties. 776 Figure 16 .b displays the average phase functions of the BS cases. The shape of the curves are 777 very similar to the precipitation cases, typical of ice particles, but with lower g values. These 778 measurements constitute a unique database to develop parameterizations of the arctic snow 779 optical properties. Indeed, in most of the climate and weather forecast models, the computation 780 of the snow albedo uses the approximation of spherical snow grain (Wang and Zeng, 2010 
